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Form deprivation (FD) was induced in 61 guinea pigs with a diﬀuser worn on one eye. The form-deprived eye elongated and
developed myopia within 6 days in animals raised under a 12:12 h light/dark cycle, but not when reared in darkness. After 11 days
of FD, the average eye was 6.6 D more myopic and 146 lm longer than its fellow eye. Initially the myopia was mostly from vit-
reous chamber elongation, but with longer periods of FD, corneal power increases predominated. These eﬀects were conﬁrmed in
schematic eyes. After a delay, FD also elongated the vitreous chamber of the non-deprived eye. The myopia rapidly abated once the
diﬀusers were removed (65% within 24 h) due to inhibition of elongation and choroidal thickening. The guinea pig provides a fast
mammalian model of FD myopia and corneal curvature regulation.
 2005 Elsevier Ltd. All rights reserved.
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The development of the eyes refractive state depends
on vision. If the visual image is manipulated through
form deprivation or with spectacle lenses, changes in
eye growth and refractive error are induced (see Wall-
man & Winawer, 2004). Form-deprivation (FD) myopia
was ﬁrst induced in the monkey with eyelid suture (Wie-
sel & Raviola, 1977). However, some studies have
shown that eyelid closure can also aﬀect the cornea
and cause hyperopia or transient hyperopia prior to
myopia (Smith, Harwerth, Crawford, & von Noorden,
1987; Troilo & Judge, 1993; von Noorden & Crawford,
1978). In many animal studies, FD has also been im-
posed with a translucent diﬀuser or diﬀusing lens worn
over the eye. Typically, the eye wearing the diﬀuser
excessively elongates axially, and becomes myopic
(chick: Wallman, Turkel, & Trachtman, 1978b; mouse:
Schaeﬀel, Burkhardt, Howland, & Williams, 2004; tree0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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la, 2005; macaque: Smith & Hung, 2000). The myopia
induced by wearing a diﬀuser is similar to the myopia in-
duced in human eye diseases such as phlyctenular kera-
titis or by corneal opacities (Gee & Tabbara, 1988;
Meyer, Mueller, Duncker, & Meyer, 1999) and is used
as a model to understand the factors mediating axial
myopia.
Chicks have rapidly growing eyes that develop sub-
stantial amounts of myopia after 5 days of wearing a dif-
fuser on one eye (9 D, Wildsoet & Schmid, 2000) and it
only takes a day or two for the rate of ocular elongation
to change (Kee, Marzani, & Wallman, 2001). Primates
require longer periods of FD to produce these levels of
myopia and ocular elongation (marmoset: 4.5 weeks,
8 D, 0.33 mm, Troilo & Nickla, 2005; macaque: 17
weeks, 5 D, 0.6 mm, Smith, Hung, Kee, & Qiao, 2002).
FD is easily induced in the chick with hemi-spherical,
translucent diﬀusers glued to the skin and feathers
around the eye (Wallman, LeDoux, & Friedman,
1978a) or with the aid of Velcro rings (Napper et al.,
1995). Diﬀusers used in mammalian and primate studies
typically require slightly more invasive procedures such
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1999; Siegwart & Norton, 1994) or wearing a helmet
(Smith & Hung, 2000).
We selected the guinea pig to study FD myopia in a
mammal because it has some advantages like the chick:
diﬀusers can be readily applied, ocular development is
rapid (Howlett, 2004), and it is a precocial species born
with a well-developed visual system (Jonson, Lyle, Ed-
wards, & Penny, 1974). At birth, guinea pigs are able
to distinguish between diﬀerent objects (Gaston, Stout,
& Tom, 1969) and line orientations (Petre & Sheridan,
1966), and have a retina dominated by rods (92–83%,
Peichl & Gonzalez-Soriano, 1994). The guinea pig has
dichromatic vision (Jacobs & Deegan, 1994; Parry &
Bowmaker, 2002; Rohlich, van Veen, & Szel, 1994) with
a peak visual acuity of approximately three cycles/de-
gree (Buttery, Hinrichsen, Weller, & Haight, 1991) in
the retinal visual streak region (Hughes, 1977; Reynolds
& Rapaport, 1987) and an accommodative range of 5 D
(Lodge, Peto, & McFadden, 1994). From a practical
point of view, there is the advantage that a guinea pig
breeding colony reproduces an average of one weanling
per female per month (Lovell, King, & Festing, 1972)
making relatively large numbers of animals readily
available.
In all species studied to date, the myopia induced by
wearing a diﬀuser arises from excessive axial elonga-
tion primarily due to an elongated vitreous chamber
(Wallman & Winawer, 2004). In contrast, optical
changes to the anterior section of the eye are less often
reported. Chicks sometimes, but not always, develop a
steeper cornea and an increased anterior chamber
depth in the form-deprived eye (Gottlieb, Fugate-
Wentzek, & Wallman, 1987; Hayes, Fitzke, Hodos,
& Holden, 1986; Troilo, Li, Glasser, & Howland,
1995). The corneal power of the macaque eye has been
reported to be increased by FD (Qiao-Grider, Hung,
Kee, Ramamirtham, & Smith, 2004; Smith & Hung,
2000). Form-deprived tree shrews sometimes develop
steeper than normal corneas (Gentle & McBrien,
1999) but typically the corneal curvature is unaﬀected
by FD (Guggenheim & McBrien, 1996; McBrien, Cor-
nell, & Gentle, 2001; Siegwart & Norton, 1998). Thus,
axial elongation, primarily in the posterior eyecup, is
more commonly associated with diﬀuser-induced FD
myopia than changes arising from the anterior optical
components.
In the present paper, we determined both the axial
elongation and optical changes that accompany the
development of FD myopia in the guinea pig eye. To in-
duce FD, one eye was occluded with a diﬀuser and its
ocular growth was compared to that in the untreated fel-
low eye. However, given the conjugate nature of eye
movements in mammals and the potential for interac-
tion between the eyes, we also studied whether there
were any eﬀects of FD on the untreated fellow eye bycomparing it to the eyes of untreated guinea pigs that
were from the same litters.
We also studied recovery from FD myopia. Typical-
ly, when diﬀusers are removed after a period of FD, the
refractive error and axial length diﬀerences between the
form-deprived and fellow (non-deprived) eye equili-
brate, and the treated eyes recover from the induced
myopia (e.g., chick: Wallman & Adams, 1987; tree
shrew: Siegwart & Norton, 1998; marmoset: Troilo &
Nickla, 2005; macaque: Hung, Wallman, & Smith,
2000). While the general strategy appears the same
across species, there is variation in both the rate and
the speciﬁc method by which the eye recovers from
FD. The form-deprived chick eye fully recovers from
9 D of myopia within two days of diﬀuser removal
(Wildsoet & Schmid, 2000). Eye growth in the previous-
ly treated eye virtually stops after four days (Nickla,
Wildsoet, & Wallman, 1998), whereas the fellow eye
continues to grow normally (Wallman & Adams,
1987). In the macaque too, the previously form-deprived
eye dramatically reduces its growth rate once the diﬀus-
ers are removed, and it becomes less myopic. However,
the time frame is much longer taking several weeks and
full recovery is not always seen. Additionally, changes in
the refractive error and growth rate of the untreated fel-
low eye can either speed up or delay recovery (Qiao-
Grider et al., 2004; Smith & Hung, 2000). In contrast,
the tree-shrew eye is more similar to the chick eye, in
that it rapidly reduces its myopia when diﬀusers are re-
moved (Gentle & McBrien, 1999; Guggenheim & McB-
rien, 1996) with full recovery occurring after 7 days
(McBrien, Lawlor, & Gentle, 2000). However, it is the
response within the choroid which is the single biggest
diﬀerence between the chick and other species during
the recovery process.
In the chick, the choroid expands dramatically during
the recovery process (400 lm increase in thickness, Wall-
man et al., 1995). This choroidal thickening is very rapid
and begins within 30 min of diﬀuser removal (Liang,
Crewther, Crewther, & Pirie, 1996). In mammals, the
choroid also expands once diﬀusers are removed, but
the response is small (macaque: 23 lm, Hung et al.,
2000; tree shrew: 10 lm, Gentle & McBrien, 1999).
The extreme choroidal changes in the chick may be
related to the lymphatic network in the chick choroid
(De Stefano & Mugnaini, 1997; Junghans, Crewther,
Liang, & Crewther, 1999; Liang et al., 1996; Wallman
et al., 1995; Wildsoet & Wallman, 1995) which is not al-
ways found in the mammalian choroid (e.g., human:
Krohn, 2004; Krohn & Rodahl, 2002; rabbit: Junghans,
Crewther, Crewther, & Pirie, 1997). Our ﬁnal aim in this
paper was to determine whether the guinea pig eye has a
signiﬁcant choroidal response during recovery from
myopia induced by FD.
We report here that FD was easy to impose with dif-
fusers in young guinea pigs, and they rapidly developed
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model in which to study FD myopia. Initially, the in-
duced myopia mainly arose from elongation in the vitre-
ous chamber of the eye, but with longer periods of FD,
the myopia was also due to changes in corneal power.
Furthermore, we found that the myopia induced
through FD rapidly reversed when the diﬀusers were
removed.Fig. 1. Method of attaching a diﬀuser in the guinea pig. (A) Position
of the Velcro arcs. Dotted lines indicate the horizontal and vertical
meridians used in retinoscopy. (B) The diﬀuser held in place by a
matching Velcro ring attached to its base.2. Methods
2.1. Animals
Seventy eight pigmented guinea pigs (Cavia porcel-
lus) were maternally reared and housed as previously
described (McFadden, Howlett, & Mertz, 2004) in a
12 h light/12 h dark cycle (except for one group reared
in constant darkness). All procedures were approved
by the University of Newcastle in accordance with
Australian legislative requirements, and complied with
the NIH guide for the Care and Use of Laboratory
Animals.
2.2. Experimental protocols
2.2.1. Experiment 1A: The development of
form-deprivation myopia
To study the development of FD myopia, 3 groups
of guinea pigs were raised with a diﬀuser worn over
one eye (randomly selected as left or right in diﬀerent
animals) from 5 days of age for 6, 11 or 16 days until
animals were either 11 (FD6, n = 16); 16 (FD11,
n = 14); or 21 days of age (FD16; n = 19), respectively.
These ages were selected to span the period of emme-
tropization in the guinea pig (Howlett, 2004; Lodge
et al., 1994). There is some suggestion that myopia
progression is faster in the second week of wearing dif-
fusers in chicks (Wallman & Adams, 1987) and cer-
tainly is delayed in the tree shrew (Siegwart &
Norton, 1998), thus we delayed the starting age to 5
days. This also allowed easy application of the diﬀuser
(see Section 2.3). An additional group was raised with
a diﬀuser on the right eye, but kept in the dark for 6
days from 5 to 11 days of age (FD6 DARK, n = 6).
Refractive error and ocular dimensions were measured
in both eyes immediately after the diﬀuser was re-
moved at the end of the rearing period.
2.2.2. Experiment 1B: Interocular yoking
To study the eﬀect of the diﬀuser on the non-occluded
eye, refractive error and ocular dimensions were also
measured in non-treated animals which were from the
same litters as the FD6 and FD16 animals. These age-
matched (AM) littermates were measured at 11 (AM6,
n = 6) or 21 days of age (AM16, n = 6).2.2.3. Experiment 1C: Recovery from form-deprivation
myopia
Recovery from FD was studied in the animals which
had worn a diﬀuser on one eye for 11 days (FD11 ani-
mals from Experiment 1A). Refractive error and ocular
dimensions were measured after the diﬀuser was perma-
nently removed at 16 days of age, and either again one
day later at age 17 (FD11r1, n = 7), or 3 days later at
age 19 (FD11r3, n = 7).
2.2.4. Experiment 2: The eﬀect of form deprivation on
corneal power
Corneal curvature was measured longitudinally in
six guinea pigs which wore a diﬀuser on one eye from
5 to 21 days of age. Corneal curvature was measured
prior to FD at 5 days of age (Pre FD) and then after
6 (FD6c), 11 (FD11c), and 16 (FD16c) days of FD.
Refractive error was measured immediately after the
corneal measurements at 11, 16, and 21 days of age.
Corneal curvature was also measured in untreated
guinea pigs from the same litters at both 11 (AM6c,
n = 5) and 21 (AM16c, n = 5) days of age. Each mea-
surement session allowed 30 min of unrestricted
vision.
2.3. Application of diﬀusers
Diﬀusers were translucent hemispheres moulded from
white plastic (diameter 12 mm, thickness 0.8 mm). At 4
days of age, 2 Velcro arcs were glued above and below
the eye, while guinea pigs were lightly anaesthetised with
halothane (Fig. 1A). The diﬀuser, mounted on a match-
ing Velcro ring, was attached to these arcs from 5 days
of age (Fig. 1B). The diﬀusers were checked each day
and, if necessary, brieﬂy removed for cleaning (30 s).
2.4. Measurements
2.4.1. Refractive error
Refractive error was measured by streak retinosco-
py in hand-held, awake animals in which cycloplegia
had been previously induced with 2 drops 1% cyclo-
pentolate. Stable refractive errors were generally ob-
tained after 15 min and when there was no pupil
270 M.H.C. Howlett, S.A. McFadden / Vision Research 46 (2006) 267–283response. All refractive error data presented refer to
the spherical component refractive error, deﬁned as
the mean refractive error in the horizontal and vertical
meridians (see Fig. 1A), and were not corrected for
any possible artefact of retinoscopy (Glickstein &
Millodot, 1970).
2.4.2. Ocular dimensions
Axial dimensions of the eye were measured by high
frequency ultrasonography (20 MHz), while animals
were anaesthetised (1–2% Halothane in oxygen). To
compute distances, a sound velocity of 1.774 mm/ls
was used for the lens and 1.534 mm/ls for the other
media. The computation of the velocity of sound in
the guinea pig lens was based on the method of Wall-
man and Adams (1987). Characteristic A-scan traces
of the major peaks have been previously described
(Howlett, 2004; McFadden et al., 2004). Peaks were
selected for the front of the cornea, the front of the
crystalline lens, the back of the crystalline lens, the
vitreous–retinal, retinal–choroidal and choroidal–
scleral interfaces, and the back of the sclera. The axial
length of the eye was deﬁned as the distance from the
front of the cornea to the back of the sclera. The term
anterior segment refers to the combined thickness of
the cornea and the depth of the anterior chamber.
The validity of the peak selection for the echoes
originating from the retinal–choroidal–scleral complex
was conﬁrmed by ultrasound traces taken during a
serial dissection of the posterior tunic in situ, similar
to that previously described for macaques (Hung
et al., 2000). Four eyes were obtained from adult
guinea pigs euthanized with barbiturate (Lethobarb,
5 ml/kg). The eyelids and skin were removed to expose
the segment of eye anterior to, and including, the oraFig. 2. Ultrasound traces of the retinal–choroidal–scleral (Ret, Cho, Scl) p
segment and lens (A); after removal of the vitreous humour and neural reti
infrared radial keratometry image used to calculate the corneal power of thserrata. The sclera was dissected around the ora serra-
ta and the anterior segment and lens were removed.
The ultrasound transducer was coupled to the exposed
vitreous humour with ultrasound gel. The resulting
ultrasound traces displayed all the major peak com-
plexes from the front of the retina to the back of
the sclera (Fig. 2A). The vitreous humour and neural
retina were then removed and the vitreous chamber
was ﬁlled with ultrasound gel. In the subsequent ultra-
sound trace, the ﬁrst peak complex seen in Fig. 2A
(from left to right) was no longer present (Fig. 2B).
Finally, after the RPE and choroid were removed,
only the two peak complexes representing the front
and back of the sclera were present (Fig. 2C).
2.4.3. Corneal curvature
The curvature of the anterior corneal surface was
measured in awake guinea pigs with an infrared (IR)
ﬂat keratometer consisting of three concentric rings
of IR light emitting diodes (peak wavelength 875 nm).
Images covered approximately 40% of the cornea and
only those in which the rings were centred on the eye
(Fig. 2D) were digitised. Three such centred images
were analysed for each eye measured. The anterior cor-
neal radius was determined from a calibration curve
generated using keratometry on precision ball bearings.
The power of the anterior cornea was derived from the
average of the four radii for each ring using the formu-
la: F = (n  1)/r, where F is power in diopters (D), n is
corneal refractive index (1.335), and r is corneal radius
(m). The radius of the three rings had an average stan-
dard deviation of 0.02 mm, indicating that the inner
40% of the guinea pigs anterior corneal surface was
approximately spherical. Thus, only the average power
of the three rings is presented.eak complexes. A typical trace is shown after removal of the anterior
na (B); and after removal of the RPE and choroid (C). (D) A typical
e guinea pig eye.
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Fig. 3. Frequency histogram showing the distribution of refractive
error in the form-deprived eyes (black bars) and in the fellow non-
deprived eye (white bars) after (A) 6, (B) 11, (C) 16, and (D) 34 days of
FD. Arrows denote the mean refractive error. Data shown in D are
from Lodge et al., 1994.
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Schematic eyes were constructed using OSLO Edu
Revision 3.6.1. For this purpose, measures of the refrac-
tive index of the vitreous and surface curvatures were
undertaken. The vitreous was extracted from three 11-
day (AM6) and three 21-day-old (AM16) normal guinea
pig eyes, and the refractive index was measured with a
calibrated Abbe refractometer. The average of ﬁve read-
ings was calculated for each sample.
Another four 11-day and four 21-day-old normal
eyes were rapidly frozen at 30 C and horizontally sec-
tioned with a freezing microtome (Microm HM400).
High resolution images of the frozen surface were digi-
tised. The middle most section, determined on the basis
of maximum lens thickness, was analysed to determine
the radii of ocular surfaces based on spherical ﬁts. The
posterior corneal radii were 9.95% (AM6) and 10.91%
(AM16) less than the anterior radii. The anterior corneal
radii obtained from IR keratometry were used for the
schematic eyes and were reduced by these proportions
to obtain the in situ posterior curvatures. Although
the thicknesses of the lenses in the frozen sections were
found to be 10% thinner than that measured with ultra-
sound, we used the unadjusted radii from the frozen sec-
tions in the schematic models.
2.5. Data presentation and analysis
Results are expressed as the mean ± the standard
error of the mean unless otherwise speciﬁed. Ocular
diﬀerences presented for the form-deprived guinea pigs
are the occluded eye value minus the untreated fellow
eye value, and for the AM animals, are the right eye
minus the left eye values. The statistical analysis
reported is based on ANOVA and independent or
paired-sample t test as appropriate (SPSS for windows
V10). Linear regression was from SigmaPlot V9
(SPSS, Chicago, Illinois). Pairwise multiple compari-
son procedures used the Holm-Sidak method (SigmaS-
tat V3.1).3. Results
3.1. Experiment 1A: The development of form-deprivation
myopia
3.1.1. Refractive error
Eyes which wore a diﬀuser rapidly became myopic,
while all untreated fellow eyes remained slightly hyper-
opic (Fig. 3). The mean diﬀerence between the two eyes
was highly signiﬁcant for each period of FD
(F1,55 = 332.1, p < 0.001; multiple comparisons:
p < 0.001 in each case). Considerable myopia was al-
ready present after just 6 days of FD (Fig. 4A), with
the diﬀerence between the two eyes being 68% of theaverage maximum myopia achieved to date with FD
in guinea pigs (Fig. 4D, 7.03 D after 34 days of FD,
Lodge et al., 1994). The mean diﬀerence in refractive er-
ror between the eyes increased between 6 and 11 days of
FD (p < 0.001), but did not further increase signiﬁcantly
thereafter (FD11 vs. FD16: p = 0. 88, FD16 vs. FD34:
p = 0.91). Similarly, the mean refractive error of the
eye wearing a diﬀuser (Table 1) increased between 6
and 11 days of FD (p < 0.01), and stabilised thereafter
(FD11 vs. FD16: p = 0.95 and FD16 vs. FD34: 0.78).
However, the range and variability in refractive error
did increase as the amount of deprivation time increased
with the maximum individual diﬀerence between the
eyes reaching up to 13.8 D after the longest depriva-
tion period (Fig. 3D).
The myopic eﬀect of wearing the diﬀuser was only ap-
parent if the guinea pigs were raised in the light (Table 1).
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Fig. 4. Mean diﬀerences between the eyes in (A) refractive error and
(B) axial length in guinea pigs form deprived for 6 (FD6), 11 (FD11) or
16 (FD16) days in a normal light cycle, or form deprived for 6 days in
the dark (FD6 DARK), or normal animals which were age-matched
littermates of the form-deprived animals (AM6 and AM16). In the
animals form deprived, the diﬀerence is the form-deprived eye minus
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*p < 0.05, **p < 0.01, and ***p < 0.001.
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refractive error diﬀerence between the two eyes despite
wearing a diﬀuser for 6 days (diﬀerence = 0.07 ±
0.03 D, p = 0.07) and did not develop myopia over this
period (Table 1).
3.1.2. Diﬀerence in ocular elongation
The axial length was signiﬁcantly increased in eyes
which had worn a diﬀuser in the light compared to that
in their fellow eyes (F1,46 = 106.91, p < 0.001). These dif-
ferences were signiﬁcant compared to those in age-
matched animals, whose two eyes were approximately
equal in size (Fig. 4B). The diﬀerence in axial length in
form-deprived animals was apparent after just 6 days of
treatment (106 ± 25 lm, t = 4.25, df = 15, p < 0.001),
with the largest diﬀerence (146 ± 16 lm) occurring after
11 days of treatment (t = 8.96, df = 13, p < 0.001), and
then declining by 25% after a further 5 days of FD,
although still highly signiﬁcant (t = 6.30, df = 18,
p < 0.001) (Fig. 4B). This apparent decline was because
the eye which had not worn the diﬀuser had also increased
in length (see Section 3.2). In contrast, wearing a diﬀuserwhile being raised in the dark had no diﬀerential eﬀect and
the two eyes were of a similar size (Fig. 4B, p = 0.43).
The relative ocular elongation between the two eyes
in the animals which were form deprived was signiﬁcant-
ly related to the degree of disparity in refractive error
with bigger eyes tending toward greater myopia (FD6:
r2 = 0.37, p < 0.01; FD11: r2 = 0.30, p < 0.05; FD16,
r2 = 0.31, p < 0.01).
3.1.3. Changes in the ocular components
The deprivation-induced ocular elongation arose from
signiﬁcant increases in all the major components of the
eye (Fig. 5) including deeper vitreous chambers and ante-
rior segments and thicker crystalline lenses in the form-de-
prived eye (F1,46 = 17.47, F1,46 = 47.13, F1,46 = 12.24,
respectively, p < 0.001 in all cases). However, the tempo-
ral sensitivity of each of these components was diﬀerent.
The vitreous chamber reacted rapidly, expanding signiﬁ-
cantly after 6 days ofFD (p < 0.05) but by 16days of treat-
ment, the disparity between the eyes had equilibrated
(Fig. 5A). The anterior segment was also signiﬁcantly
larger after 6 days of FD (p < 0.01), but this diﬀerence
was maintained and was still present after 16 days of
FD (p < 0.001, Fig. 5B). In contrast, the diﬀerence in
the crystalline lens appeared to gradually increase with
deprivation time and the two eyes only became signiﬁ-
cantly diﬀerent after 16 days of FD (p < 0.05, Fig. 5C).
This apparent diﬀerential temporal sensitivity in the var-
ious structures within the eye is related to a delayed yoked
reaction in the vitreous chamber of the non-deprived eye,
which was not present in the anterior chamber, at least
within the time periods tested here (see Section 3.2). The
rapid reaction of the vitreous and anterior chambers to
the presence of a diﬀuser was not seen if animals wore a
diﬀuser in darkness over the same period (Fig. 5, FD6
DARK group). No signiﬁcant diﬀerential changes were
noted in any of the ocular components in these dark-
reared animals (Table 1). In both light and dark-reared
animals, there were also no signiﬁcant diﬀerences between
the two eyes for any of the periods of FD in either the
thickness of the retina or the sclera, and the choroid
change was variable and less than ±10 lm (Table 1).
3.2. Experiment 1B: Interocular yoking
In guinea pigs, FD in one eye subsequently aﬀects the
development of the vitreous chamber of the untreated
fellow eye. It became 44 lm longer than that in AM lit-
termates after 6 days of FD (Fig. 6B), but this diﬀerence
was not signiﬁcant (p = 0.11). However, by 16 days of
FD, the disparity in the depth of the vitreous chamber
between fellow (FD16) and normal eyes (AM16) had in-
creased to 91 lm, and was highly signiﬁcant (t = 3.96,
df = 29, p < 0.001). Thus, the absolute eﬀect of FD on
elongating the vitreous chamber requires comparison
between the diﬀuser-wearing eyes and their AM
Table 1
Refractive error and axial thickness of each ocular component for Experiment 1
Eye Refractive
error (D)
Anterior segment
depth (mm)
Lens thickness
(mm)
Vitreous chamber
depth (mm)
Retinal thickness
(mm)
Choroidal
thickness (mm)
Scleral
thickness (mm)
Axial length
(mm)
FD6 Exp 3.4 ± 0.4 1.14 ± 0.02 3.50 ± 0.02 3.08 ± 0.01 0.114 ± 0.001 0.133 ± 0.005 0.116 ± 0.002 8.08 ± 0.02
n = 16, age = 11 Fellow 1.4 ± 0.1 1.10 ± 0.01 3.48 ± 0.01 3.02 ± 0.03 0.115 ± 0.002 0.142 ± 0.005 0.120 ± 0.002 7.98 ± 0.03
AM6 R 1.2 ± 0.3 1.10 ± 0.02 3.54 ± 0.02 2.98 ± 0.02 0.117 ± 0.002 0.137 ± 0.010 0.116 ± 0.003 8.00 ± 0.05
n = 6, age = 11 L 1.8 ± 0.6 1.10 ± 0.02 3.55 ± 0.03 2.96 ± 0.02 0.117 ± 0.002 0.136 ± 0.007 0.112 ± 0.003 7.97 ± 0.03
FD6 DARK Exp 0.1 ± 0.7 1.09 ± 0.02 3.50 ± 0.01 3.04 ± 0.02 0.113 ± 0.004 0.145 ± 0.002 0.124 ± 0.006 8.01 ± 0.04
n = 6, age = 11 Fellow 0.8 ± 0.7 1.07 ± 0.02 3.50 ± 0.01 3.05 ± 0.02 0.119 ± 0.004 0.139 ± 0.007 0.123 ± 0.004 8.00 ± 0.03
FD11 Exp 5.8 ± 0.4 1.16 ± 0.01 3.62 ± 0.02 3.09 ± 0.01 0.116 ± 0.001 0.129 ± 0.003 0.120 ± 0.002 8.24 ± 0.03
n = 14, age = 16 Fellow 0.8 ± 0.2 1.11 ± 0.01 3.59 ± 0.02 3.03 ± 0.02 0.115 ± 0.002 0.129 ± 0.004 0.116 ± 0.003 8.09 ± 0.03
FD11 recovery 1 Exp 5.3 ± 0.6 1.18 ± 0.01 3.61 ± 0.03 3.11 ± 0.02 0.114 ± 0.002 0.128 ± 0.004 0.119 ± 0.004 8.26 ± 0.05
n = 7, age = 16 Fellow 0.5 ± 0.4 1.12 ± 0.02 3.60 ± 0.03 3.06 ± 0.01 0.111 ± 0.002 0.125 ± 0.006 0.115 ± 0.002 8.13 ± 0.04
1 day later Exp 1.9 ± 0.6 1.15 ± 0.03 3.60 ± 0.03 3.08 ± 0.02 0.110 ± 0.002 0.146 ± 0.006 0.113 ± 0.004 8.21 ± 0.06
Age = 17 Fellow 0.8 ± 0.2 1.15 ± 0.02 3.59 ± 0.03 3.11 ± 0.02 0.112 ± 0.002 0.131 ± 0.006 0.111 ± 0.002 8.20 ± 0.05
FD11 recovery 3 Exp 6.3 ± 0.5 1.15 ± 0.01 3.62 ± 0.03 3.08 ± 0.02 0.118 ± 0.001 0.131 ± 0.005 0.121 ± 0.003 8.21 ± 0.03
n = 7, age = 16 Fellow 1.1 ± 0.3 1.10 ± 0.02 3.58 ± 0.01 3.00 ± 0.03 0.119 ± 0.002 0.134 ± 0.006 0.121 ± 0.003 8.05 ± 0.03
3 days later Exp 1.5 ± 0.7 1.12 ± 0.02 3.62 ± 0.03 3.06 ± 0.03 0.116 ± 0.001 0.141 ± 0.006 0.118 ± 0.004 8.18 ± 0.03
Age = 19 Fellow 0.8 ± 0.3 1.11 ± 0.01 3.62 ± 0.02 3.04 ± 0.03 0.116 ± 0.002 0.144 ± 0.005 0.121 ± 0.001 8.15 ± 0.04
FD16 Exp 5.7 ± 0.5 1.21 ± 0.01 3.71 ± 0.02 3.15 ± 0.02 0.106 ± 0.001 0.141 ± 0.005 0.120 ± 0.002 8.44 ± 0.03
n = 19, age = 21 Fellow 0.9 ± 0.2 1.17 ± 0.01 3.67 ± 0.01 3.13 ± 0.01 0.109 ± 0.001 0.131 ± 0.003 0.116 ± 0.003 8.33 ± 0.02
AM16 R 0.6 ± 0.4 1.17 ± 0.04 3.71 ± 0.02 3.03 ± 0.03 0.110 ± 0.004 0.124 ± 0.007 0.120 ± 0.002 8.25 ± 0.07
n = 6, age = 21 L 0.5 ± 0.2 1.15 ± 0.03 3.72 ± 0.01 3.04 ± 0.02 0.109 ± 0.004 0.136 ± 0.012 0.116 ± 0.003 8.27 ± 0.05
Mean and standard errors are shown for both eyes. For the form-deprived guinea pigs, the experimental eye (Exp) wore a diﬀuser and the fellow eye was the other non-occluded eye. Animals were
form deprived for 6 (FD6), 11 (FD11) or 16 (FD16) days. Age-matched (AM) animals were from the same litters as their respective experimental group, but did not wear a diﬀuser.
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Fig. 5. Mean diﬀerences between the eyes in the (A) depth of the vitreous chamber, (B) depth of the anterior segment, (C) thickness of the crystalline
lens, and (D) thickness of the choroid in guinea pigs form deprived for 6 (FD6), 11 (FD11) or 16 (FD16) days in a normal light cycle, or form
deprived for 6 days in the dark (FD6 DARK). Asterisks refer to the diﬀerence between the two eyes *p < 0.05, **p < 0.01, and ***p < 0.001.
Fig. 6. Average length along the optic axis of the major ocular components of the eye of all groups from Experiment 1. (A) Axial length deﬁned as
the distance from the front of cornea to the back of the sclera, (B) vitreous chamber depth, (C) anterior segment depth, and (D) thickness of the
crystalline lens. Dotted lines indicate the average size in the age-matched animals. Note that the vitreous chamber is elongated in the fellow eye after
16 days of FD. *p < 0.05, **p < 0.01, and ***p < 0.001.
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depth of the vitreous chamber did not abate with greater
FD periods (FD6  AM6 = 107 lm, t = 5.21, df = 26,
p < 0.001; FD16  AM16 = 112 lm, t = 3.56, df = 29,
p < 0.001), suggesting that the FD-induced increase in
the vitreous chamber depth occurred rapidly (within 6
days) and was maintained.
Yoking, as seen in the vitreous chamber in the fellow
eye in response to FD, was not obvious in the anterior
segment (Fig. 6C). The anterior segment of fellow eyes
after 6 days of FD was not diﬀerent to that in the
untreated AM6 littermates (diﬀerence of 6 lm,
p = 0.35) and although bigger after 16 days of FD sug-
gesting that some yoking may be developing, it was not
statistically diﬀerent to that in the AM16 animals (diﬀer-
ence of 21 lm, p = 0.17). Likewise, there was no eﬀect of
FD on the thickness of the retina, choroid or sclera of
the fellow eyes which were not signiﬁcantly diﬀerent to
that in the normal AM animals (Table 1).
In contrast, the lenses in the fellow eyes of the FD
animals were thinner than the lenses of their AM litter-
mates (Fig. 6D; FD6 vs. AM6: t = 1.84, df = 24,
p < 0.05; FD16 vs. AM16: t = 2.35, df = 29, p < 0.01).
The small but consistent increase in the thickness of
the lens in the form-deprived eye, which was signiﬁcant
after 16 days of FD, was on a background of inhibited
lens growth overall. Since the AM littermates have
thicker lenses, but smaller vitreous chambers than the
untreated fellow eyes of the form-deprived animals,
these two eﬀects could oﬀset one another so that there
would be no overall yoking in ocular elongation. How-
ever, this was not the case, as the axial length of FD16
fellow eyes was signiﬁcantly greater than that in the-10
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Fig. 7. Axial length and refractive error in eyes form deprived for 11 days (lef
FD period and after the diﬀusers were removed for (A) 1 day and (B) 3 daysAM16 eyes (Fig. 6A, t = 1.81, df = 29, p < 0.05). Thus,
relative to the normal ocular length in untreated guinea
pigs of the same age and from the same litters, 16 days
of FD resulted in 180 lm of axial elongation in the
eye wearing the diﬀuser, and additionally, some 70 lm
of elongation in the ‘‘untreated’’ fellow eye. The body
weights of the form-deprived animals and their age-
matched littermates were not statistically diﬀerent
(FD6, 193 ± 7 g; AM6, 178 ± 14 g; FD16, 250 ± 5 g;
AM16, 259 ± 15 g), suggesting that the ocular diﬀerenc-
es were not an artefact of diﬀering general growth rates.
Despite this yoking in ocular elongation arising pri-
marily from an increase in the depth of the vitreous
chamber in the fellow eye of FD animals, it did not
translate into a refractive error change, partially due
to the thinner lens (see Section 4.3). The diﬀerence in
refractive error between the fellow eyes and both AM
eyes was only 0.14 D after 6 days (p = 0.35) and
0.34 D after 16 days (p = 0.14) (Table 1), meaning that
the emmetropization outcome of the fellow eye was the
same as in normal animals.
3.3. Experiment 1C: Recovery from form-deprivation
myopia
3.3.1. Refractive error
Themyopia in the eye whichwore a diﬀuser for 11 days
was reduced by 65% (by 3.4 ± 0.3 D, p < 0.001) after one
day or by 76% (by 4.8 ± 0.4 D, p < 0.001) after three days
without the diﬀuser (Table 1 and Fig. 7, top panels). If the
recovery in refractive error continued at this same rate (%
reduction = 5.5 · days + 60), 100% recovery would take
approximately 8 days. In contrast, the refractive error of-10
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Fig. 8. (A) Average thickness of the choroid in eyes form deprived for
11 days and their fellow eyes at the end of the FD period and after the
diﬀusers were removed for 1 day or 3 days. (B and C) The diﬀerence in
refractive error between the form-deprived and fellow eye plotted
against the diﬀerence in choroidal thickness for individual subjects
before and after 11 days of FD and after the diﬀusers were removed for
1 day (B) or 3 days (C). The lines link the data points of individual
subjects. *p < 0.05 and ***p < 0.001.
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were removed for either 1 (p = 0.16) or 3 days (p = 0.17)
and remained emmetropic (Table 1).
3.3.2. Axial length
The accelerated ocular elongation that accompanied
11 days of FD was sharply inhibited once the diﬀusers
were removed (Fig. 7, bottom panels). After 11 days of
FD, the treated eyes had a signiﬁcantly greater axial
length than their respective fellow eyes (FD11r1: diﬀer-
ence of 129 ± 25 lm, p < 0.005; FD11r3: diﬀerence of
162 ± 20 lm, p < 0.001). However, after 1 or 3 days with-
out a diﬀuser, the treated eyes stopped elongating, and de-
creased their axial lengths slightly (FD11r1: change of
50 ± 24 lm;FD11r3: change of40 ± 26 lm),whereas
their respective fellow eyes signiﬁcantly increased in size
over these same periods (FD11r1: +70 ± 31 lm,
p < 0.05; FD11r3: +100 ± 27 lm, p < 0.01). Consequent-
ly, at the end of the recovery periods, there was no signif-
icant diﬀerence between the axial lengths of the two eyes
(FD11r1: diﬀerence of +5 lm, p = 0.38; FD11r3: diﬀer-
ence of +23 lm, p = 0.20).
3.3.3. Ocular components
The anterior segment and the vitreous chamber were
the major contributors to the ocular elongation after 11
days of FD (Table 1). Over both the 1 and 3 day recov-
ery periods, both of these ocular components stopped
elongating in the eye which had previously worn the dif-
fuser, but continued to expand in the fellow eye (Table
1). The anterior segment was 55 ± 25 lm (FD11r1,
p < 0.05) and 51 ± 16 lm (FD11r3, p < 0.01) deeper in
the treated eye compared to its fellow eye after 11 days
of FD. After the diﬀusers were removed, it no longer dif-
fered in depth between the two eyes (after 1 day:
1 ± 20 lm; after 3 days: 4 ± 19 lm). Similarly, the vitre-
ous chamber was 52 ± 11 lm (FD11r1, p < 0.001) and
78 ± 27 lm (FD11r3, p < 0.01) deeper in the treated
eye after 11 days of FD. These diﬀerences abated when
the diﬀusers were removed (after 1 day: 26 ± 15 lm,
p = 0.07; after 3 days: 19 ± 33 lm, p = 0.29). Consider-
ing both the 1 and 3 day recovery groups together, the
vitreous chamber depths of the experimental eyes re-
duced in 10 of the 14 guinea pigs during their recovery
periods, while just three of the 14 fellow eyes reduced
their vitreous chamber over these same periods.
The choroid in the treated eyes increased in thickness
by 18 ± 7 lm (t = 2.48, df = 6, p < 0.05) after one day
of unobstructed vision and was signiﬁcantly thicker than
that in the fellow eyes (by 16 ± 1 lm, t = 11.44, df = 6,
p < 0.001) (Fig. 8A). This choroidal thickening was tran-
sient, as it was no longer present after 3 days of recovery
(treated eye increased by +11 ± 7 lm, p = 0.10), and
was similar to the change in the fellow eye (p = 0.37,
Fig. 8A). However, over the three days of unobstructed
vision, the choroids of both eyes taken together hadconsistently increased in thickness (by 11 ± 4 lm, in-
creased in 13 out of 14 eyes, t = 2.74, df = 13,
p < 0.01), suggesting that there may be a small yoked re-
sponse in choroidal thickening in the two eyes.
As the refractive error diﬀerences between the eyes re-
duced during recovery, the diﬀerence in choroidal thick-
ness increased in the majority (71%) of animals (Figs.
8B and C). The observed changes in choroidal thickness
are unlikely to be an artefact of peak selection from the
ultrasound traces, as using the distance from the anterior
surface of the retina to the posterior surface of the sclera
yielded the same pattern of changes as found for the
choroid.
There were no noticeable changes in the thickness of
the crystalline lens, retina or sclera in either eye after 1
or 3 days of recovery compared to the respective thick-
nesses after 11 days of FD (Table 1).
3.4. Experiment 2: The eﬀect of form deprivation on
corneal power
As expected, the left and right eyes had similar
average corneal powers at the start of the experiment
when guinea pigs were 5 days of age (Diﬀuser:
105.39 ± 0.88 D; Fellow: 105.38 ± 0.50 D). As the eyes
M.H.C. Howlett, S.A. McFadden / Vision Research 46 (2006) 267–283 277grew over the next 16 days, fellow eyes became ﬂatter
and corneal power decreased by 5.92 D (Fig. 9A). This
normal decline in corneal power was strongly inhibited
in the eyes wearing a diﬀuser, which instead only de-
creased by 2.88 D over this same period (Fig. 9A,
F1,10 = 56.6, p < 0.001). The inhibition of corneal ﬂat-
tening occurred rapidly, and after 6 days of FD, the dis-
parity between the two eyes was already signiﬁcantly
diﬀerent (diﬀerence of 1.85 D, t = 4.27, p < 0.01,
Fig. 9B) and accounted for 56% of the total inhibition
over the 16 days (diﬀerence at 16 days was 3.33 D,
t = 7.66, p < 0.001). At each treatment period, the cor-
neal power of the form-deprived eyes was greater than
that of the fellow eyes (Fig. 9B). The daily rate of change
after 6, 11, and 16 days of FD was 0.31, 0.18, and 0.11 D
per day, respectively, suggesting that the impact of the
diﬀuser on inhibiting the normal corneal ﬂattening de-
clined logarithmically with time (corneal power chan-
ge = 0.18 Ln (days) + 0.31; r2 = 0.999). However,
since the eﬀects accumulated, the longer the deprivation98
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Fig. 9. (A) Corneal power in each eye before the beginning of the FD
period (0) and after 6,11 or 16 days of FD. The corneal power in the
age-matched animals is also shown for comparison, but these animals
did not wear a diﬀuser. (B) The diﬀerence in corneal power between the
treated and fellow eye prior to FD and after 6 (FD6), 11 (FD11) or 16
(FD16) days of FD. The AM mean is the average diﬀerence between
the right eye minus the left eye for the AM6 and AM16 animals.
Asterisks refer to the diﬀerence between the eyes in (A) and the
diﬀerence between the groups in (B), *p < 0.05, **p < 0.01, and
***p < 0.001.period, the greater the diﬀerence in corneal power be-
tween the eyes (Fig. 9B).
The decline in the corneal power of the fellow eye of
the FD animals was the same as that in the AM litter-
mates (4.19 D between 6 and 16 days of FD;
4.14 D in AM littermates over this same period).
There was no signiﬁcant diﬀerence between fellow and
AM eyes in their corneal power at either 11 (p = 0.10)
or 21 (p = 0.15) days of age, suggesting that there was
no detectable yoking in corneal power arising from
FD over this time period (Fig. 9A).
The change in refractive error after 6, 11, and 16days of
FD was similar to that found in Experiment 1 (FD6:
Diﬀuser, 2.0 ± 0.5, Fellow, 1.8 ± 0.4; FD11: Diﬀuser,
5.0 ± 0.3, Fellow, 0.5 ± 0.3; FD16, Diﬀuser,
4.5 ± 0.3, Fellow, 0.4 ± 0.3 D).As found inExperiment
1, wearing a diﬀuser made the eye become signiﬁcantly
myopic relative to its fellow eye (F2,10 = 8.3, p < 0.01).
The degree of induced myopia signiﬁcantly increased
between 6 and 11 days (multiple comparison p < 0.01),
and the maximum refractive disparity occurred after 11
days of treatment (diﬀerence of 5.4 ± 0.2 D) and did
not further increase with a longer deprivation period of
16 days (p = 0.23). Not surprisingly given the repeated
nature of the measures in Experiment 2, the degree of
myopia was consistently less than found in Experiment
1 (refractive error diﬀerences for Experiment 1 vs. Exper-
iment 2: FD6, 4.8 vs. 3.8 D; FD11, 6.6 vs. 5.4 D;
FD16, 6.6 vs. 4.9 D, p < 0.01 in all cases). Although
not explicitly tested here, 30 min of unrestricted vision
(while the corneal power and refractive error was mea-
sured) may be suﬃcient to reduce the degree of induced
myopia by 22%.4. Discussion
Formdeprivation of the guinea pig eye rapidly resulted
in axial elongation accompanied by myopia. Although
this is the classic response there were a number of unusual
features. First, the elongation of the eye occurred within 6
days in both the vitreous andanterior chambers. In partic-
ular, early elongation of the vitreous chamber was substi-
tuted by growing increases in corneal power. Of interest is
how much each of these components contribute to the in-
ducedmyopia, andwhether theywouldbe predicted using
paraxial ray tracing. Second, we found that FD induced a
yoked response in the vitreous chamber of the non-de-
prived eye after a delay. Third, the recovery from FD
was very rapid, but like other species, involved a signiﬁ-
cant choroidal response.
4.1. The magnitude and rate of FD myopia
In guinea pigs emmetropization takes 35 days, and if
diﬀusers are worn from 5 days of age until the end of
278 M.H.C. Howlett, S.A. McFadden / Vision Research 46 (2006) 267–283this period they develop on average 7 D of myopia
(Lodge et al., 1994). However, 70% of this myopia devel-
ops within the ﬁrst 6 days of FD (average of 0.8 D/day),
and 85% by 11 days, suggesting that the rate of change
in D/day declines rapidly over the emmetropization
period. Similarly, chicks develop 83% of their maximum
myopia within 7 days, although the maximum amounts
are much greater (FD 2 weeks, 24 D, Wallman &
Adams, 1987). In guinea pigs, the average degree of in-
duced myopia stabilised with longer periods of FD.
However, we do not know whether FD beyond the
emmetropization period attenuates the degree of in-
duced myopia as occurs in other species (Smith, Bradley,
Fernandes, & Boothe, 1999; Troilo & Nickla, 2005;
Wallman & Adams, 1987).
The axial length of the form-deprived guinea pig eye
increased on average by 106 lm (1.3%), 146 lm (1.8%),
and by 110 lm (1.3%) more than the untreated eye after
6, 11, and 16 days of FD, respectively. This ocular elon-
gation is comparable to that found in the tree shrew
(165 lm or 2% and 200 lm or 2.5% longer after 5 and
12 days of FD, respectively, Gentle & McBrien, 1999;
Siegwart & Norton, 1998) but less than that found in
the chick (640 lm or 6.5% and 1440 lm or 14% longer
after 7–10 days and 14 days of FD, respectively, Jin &
Stjernschantz, 2000; Napper et al., 1995).
It is tempting to relate the degree of induced myopia
and axial elongation to natural ocular growth rates.
However, the development of myopia in tree shrews is
clearly not related to normal eye elongation rates (Sieg-
wart & Norton, 1998). A recent comparative analysis
suggests that age is an important predictor of the rate
of myopia development in diﬀerent species (Schaeﬀel
et al., 2004), and shows that guinea pigs develop aA B
Fig. 10. Relative proportion of the major ocular components of the diﬀerence
form-deprived eye and the average AM eyes. The scale for refractive error, bo
each graph.similar degree of myopia to other species, but at a rela-
tively rapid rate and at a relatively young age. Given the
rapidity of myopia development in guinea pigs, it seems
unlikely that there may be a delay in maximal sensitivity
akin to human juvenile onset myopia, but this has yet to
be explicity tested.
4.2. Ocular changes underlying FD myopia
In guinea pigs, FD induced changes throughout the
eye (Fig. 10). The dominate response was an initial elon-
gation of the vitreous chamber, but there were also
changes in lens thickness and anterior chamber depth.
The relative size of the anterior chamber increased with
longer deprivation periods (from 14.0% after 6 days up
to 14.4% after 16 days, p < 0.05). The same may also
be true in the chick (e.g., FD 28–49 days: 0.80 mm,
Wallman et al., 1978b; FD 14 days: 0.31 mm and
0.13 mm, Napper et al., 1995; Napper et al., 1997; FD
10 days and 5 days: 0.05 and 0.10 mm, respectively, Sch-
mid & Wildsoet, 1997). In tree shrews, while FD with
diﬀusers has been shown to increase the anterior cham-
ber (by 0.03 mm, Norton & Rada, 1995), it is generally
reported that wearing a diﬀuser has no eﬀect upon its
depth, regardless of the duration of FD (Gentle & McB-
rien, 1999; Kitaya et al., 2000; McBrien et al., 2001;
Siegwart & Norton, 1998).
Since the anterior and vitreous chamber depths were
uncorrelated in the form-deprived guinea pig eye (FD6:
r2 = 0.06, p = 0.38; FD11: r2 = 0.01, p = 0.81; FD16:
r2 = 0.001, p = 0.90), the rapid elongation in the anteri-
or chamber may not be simply a secondary consequence
of a bigger eye. However, the power of the cornea was
surprisingly well correlated with the length of the(A) between the two eyes after 6 or 16 days of FD and (B) between the
th observed and from the schematic model eyes, is shown on the right of
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p = 0.10; FD11: r2 = 0.70, p = 0.02; FD16: r2 = 0.49,
p = 0.12), suggesting that these two direct contributors
to refractive error may be coordinated. The crystalline
lens was slower to respond to FD (Fig. 5C) perhaps be-
cause it is slower to respond to visual factors or that it
grows as a secondary consequence of the expansion in
the vitreous and anterior chambers. The growth of the
lens may be directly regulated by visual input or be part
of some feedback control system since we ﬁnd that when
all trans-retinoic acid is used to accelerate ocular
growth, the lens adjusts its growth to compensate (McF-
adden et al., 2004).
The ocular elongation and myopia did not occur
when guinea pigs were raised with diﬀusers in the dark,
suggesting these changes were visually mediated. Re-
ports that the guinea pig eye compensates for spectacle
lenses (Howlett & McFadden, 2002; McFadden & Wall-
man, 1995; McFadden et al., 2004), and develops myo-
pia after long term exposure to strobe light (Cheng,
Li, Li, & Xie, 2004) supports this conclusion.
4.3. Modelling the relationship between refractive error
and ocular parameters
We used paraxial ray tracing to determine whether
the various ocular changes induced by FD could predict
the observed changes in refractive error. First, schematic
eyes were constructed for age-matched animals using the
data from Table 1 and their anterior corneal radii, lens
curvatures, and refractive indices as shown in Table 2.
The homogeneous refractive index of the lens was deter-Table 2
Parameters used in the schematic eye
Parameter 11 days old
AM6 FD6 Diﬀuser FD
Radius (mm)
Anterior cornea 2.9274 2.8472 2
Posterior cornea 2.6361 2.5638 2
Anterior lens 2.7551 2.7551 2
Posterior lens 2.1889 2.1889 2
Refractive index
Cornea
Aqueous
Vitreous
Retina
Lens 1.5133
Thickness of cornea (mm)
Eﬀective focal length (mm) 4.7304 4.7424 4
Model refractive error (D) 1.5252 4.7331 0
Radii were measured as described in Section 2. The radius of the lens surfac
refractive index of the vitreous was directly measured (see Section 2). The refr
AM model eye (see text), and the remaining values were from published sou
Hughes, 1972; Schaeﬀel and Howland, 1988; Retina: Hughes, 1979). Corne
1.534 mm/lsec and was conﬁrmed in images taken from the frozen sectionsmined from their measured refractive errors, and was
then subsequently used to develop schematic eyes for 6
and 16 day form-deprived animals (Fig. 11). These mod-
el eyes were based on the same refractive indices and lens
radii as that in the age-matched eyes, but all other ocular
parameters were directly measured (values in Tables 1
and 2).
Based on these schematic eyes, the predicted refrac-
tive error diﬀerence between the 6 day form-deprived
and fellow schematic eyes was 4.88 D. This is the same
as that measured (4.8 D, Fig. 10A). In the schematic
eye of animals form deprived for 6 days, the majority
of the refractive error was due to the elongation of the
vitreous chamber (51%, 2.4 D) with the steeper cornea
contributing much of the remainder (41%, 1.9 D).
Similarly, schematic modelling of eyes form deprived
for 16 days, showed that the contribution of the cornea
increased to 51% (4.2 D), while the vitreous chamber
elongation contributed 39% (3.2 D). The schematic
models for each eye produced a relative myopia
5.34 D, which was in good agreement with the refrac-
tive diﬀerences observed for animals deprived for 16
days (6.6 D, Fig. 10A). The modelling conﬁrms that
the ocular diﬀerences in the vitreous chamber depth ini-
tially are the dominant cause of the induced myopia in
guinea pigs, but with longer FD periods, the accumulat-
ing diﬀerences in corneal power begin to dominate.
In Section 3, we showed that refractive error was well
correlated with axial length. The absolute length of the
vitreous chamber is only weakly correlated due to the
contribution of the anterior components. Furthermore,
although the diﬀerence in depth of the vitreous chamber21 days old
6 Fellow AM16 FD16 Diﬀuser FD16 Fellow
.8981 3.0468 2.9227 3.0206
.6098 2.7142 2.6036 2.6909
.7551 2.8118 2.8118 2.8118
.1889 2.2990 2.2990 2.2990
1.3760
1.3346
1.3346
1.3510
1.5190
0.2533
.7119 4.8604 4.8913 4.8768
.1485 0.5406 8.1727 2.8376
es were based on frozen sections from age-matched normal eyes. The
active index of the lens was derived as a homonogeneous value from the
rces (Cornea: Hughes, 1972; Aqueous: made equal to the vitreous, see
al thickness was measured with ultrasound using a sound velocity of
.
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Fig. 12. Relationship between the development of myopia and
elongation of the vitreous chamber after FD for 6, 11 or 16 days.
Notice that the myopic oﬀset (vertical dotted line), in animals where
there was no diﬀerence between the vitreous chambers of the two eyes,
increases as the deprivation period increases. The ﬁtted lines show the
linear regressions.
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Fig. 11. Schematic eyes of 21-day-old guinea pigs drawn to scale from
(A) normal untreated animals and (B) after 16 days of form
deprivation. See Table 2 for the parameters used.
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prived guinea pigs (FD6, r2 = 0.46, p < 0.01; FD11,
r2 = 0.34, p < 0.05; FD16, r2 = 0.52, p < 0.001), 4–6 D
of FD myopia can still occur even when there is no dif-
ference between the vitreous chambers of the two eyes
(Fig. 12). This ‘‘optical myopia’’ was primarily due to
diﬀerences in corneal power. Given the complexity of
multiple changes occurring in the eye after FD
(Fig. 10), it would be interesting to determine whether
inhibition of one component, for example ‘‘optical myo-
pia,’’ may result in substituted changes in some other
ocular parameter (for example ‘‘axial myopia’’), so that
net myopia still occurs.
4.4. The eﬀect of form deprivation on corneal power
Form-deprived guinea pig eyes had corneas that were
more highly curved than either their fellow or AM eyes
(Fig. 9) because the rate at which their corneas became
ﬂatterwas slowed. The power of the cornea increased rap-
idly and accumulated with longer FD periods (contribu-
tion to relative myopia: FD6: 40%; FD11: 50%; FD16:
68%;Fig. 9B).Asdiscussed in Section 1,wearing adiﬀuser
has also been reported to induce changes in corneal power
in the chick and monkey (the tree shrew is generally unaf-
fected). However, the increase in corneal power in thechick constitutes a smaller refractive shift and it does
not clearly increase with longer periods of FD (5 days
FD: 13%, 10 days FD: 18%, Schmid & Wildsoet, 1997;
14 days FD: 15%, Napper et al., 1995). In the macaque
eye, corneal power rises by 0.4 D after FD and accounts
for approximately 10% of the refractive error diﬀerence
between the eyes (Qiao-Grider et al., 2004; Smith&Hung,
2000). Thus the guinea pigmay be particularly sensitive to
visual modiﬁcation of corneal power.
The corneal curvature in other species has been
reported to change in response to cylindrical lens wear
(rhesus monkeys: Kee, Hung, Qiao, & Smith, 2003;
chick: Irving, Callender, & Sivak, 1995), toric lenses
(chick: Irving, Sivak, & Callender, 1992), negative lenses
or diﬀusers (monkeys: Qiao, Hung, Kee, Ramamirtham,
& Smith, 2002; Smith & Hung, 2000), or manipulations
after spherical lens wear (chick: Irving et al., 1992; Si-
vak, Moore, Irving, & Callender, 2000). Corneal curva-
ture is also aﬀected when chicks are raised in continuous
light (Li, Howland, & Troilo, 2000; Li, Troilo, Glasser,
& Howland, 1995; Stone, Lin, Desai, & Capehart, 1995).
The mechanism(s) underlying such visually induced
changes in the cornea remain unknown. In the chick,
colchicine (Fischer, Morgan, & Stell, 1999), tetrodotox-
in (McBrien, Moghaddam, Cottriall, Leech, & Cornell,
1995) or optic nerve section (Li & Howland, 2000; Troi-
lo & Wallman, 1991) aﬀect the curvature of the cornea.
As these treatments each suppress or abolish ganglion
cell activity, it has been proposed that corneal growth
may be regulated by one or more class of retinal gangli-
on cells (Fischer et al., 1999). Input from higher cortical
centres may also be required, as ciliary nerve innervation
is also required for normal corneal development in the
chick (Li & Howland, 2000). As the corneal curvature
development of the guinea pig is readily and consistently
altered by FD, this new animal model may oﬀer a means
M.H.C. Howlett, S.A. McFadden / Vision Research 46 (2006) 267–283 281by with to investigate the mechanisms that control
corneal development in mammals, and possibly lead to
greater insights regarding the aetiology of human refrac-
tive conditions such as astigmatisms.
4.5. Interocular yoking
In guinea pigs, after a delay of a few days, FD of one
eye causes the vitreous chamber of the other ‘‘untreated’’
eye to elongate (by 44 and 91 lm more than AM litter-
mates after 6 or 16 days of FD, respectively). This consti-
tutes some 41 and 85% of the change in the form-deprived
eye respectively, and culminated in an increase in the fel-
low eyes axial length. However, no signiﬁcant yoked
change was found in the depth of the anterior segment,
corneal power or refractive error of the fellow eye. The
corresponding schematic fellow eye suggested that the
maintenance of emmetropia was partially due to its thin-
ner lens (Fig. 6D). Fig. 10B shows that the eﬀects of FD
become more exaggerated when the form-deprived eye
is compared with age-matched normal eyes.
Yoking in both axial and refractive development after
FD has been reported for the macaque (Bradley, Fer-
nandes, & Boothe, 1999). Early suggestions of yoking
in the non-deprived eye in the mouse (Schaeﬀel & Burk-
hardt, 2002) have not been conﬁrmed in various strains
(Schaeﬀel et al., 2004). In chicks which have worn a
spectacle lens, there is also a yoked aﬀect on the refrac-
tive error of the fellow eye (Wildsoet & Wallman, 1995).
The mechanism by which FD may induce ocular
elongation in the fellow eye is unknown, but may be
either a direct humoral factor, or related to yoking in
accommodation or other conjugate eye movements. In
the guinea pig, the ocular lengths of the two eyes are
normally highly correlated (AM6: r2 = 0.75, p < 0.03,
AM16: r2 = 0.67, p < 0.05; all AM animals: r2 = 0.82,
p < 0.00005), suggesting a postnatal mechanism which
actively equilibrates the length of the two eyeballs.
4.6. Recovery from FD myopia and the contribution of the
choroid
As occurs in several other species (chick: Wallman &
Adams, 1987; tree shrew: Guggenheim & McBrien,
1996; macaque: Smith & Hung, 2000), the induced myo-
pia abated when the diﬀusers were removed. Within
24 h after removal, the degree of myopia was reduced by
65% with full recovery predicted to take 8 days. This is
comparable to the tree shrew, which reduces its 6 D–7 D
of FD myopia by 60% within 3 days of diﬀuser removal
(Gentle & McBrien, 1999; Guggenheim & McBrien,
1996) with full recovery occurring after 7 days (McBrien
et al., 2000).
In the guinea pig, the reduction in the refractive error
was due to a dramatic inhibition (within 24 h) in the
elongation of the eye which had previously worn thediﬀuser (Fig. 7A). Both the anterior segment and the vit-
reous chamber stopped elongating, so that the axial
length of the experimental eyes often became less than
they were at the end of the FD period, a phenomena
similar to that reported for tree shrews recovering from
FD myopia (Gentle & McBrien, 1999; Guggenheim &
McBrien, 1996; McBrien et al., 2000; Siegwart & Nor-
ton, 1999).
The choroid also transiently thickened in the guinea
pig, becoming on average 18 lm thicker 24 h after the
diﬀuser was removed. This accounts for 18% of the
shrinkage in the vitreous chamber depth, which based
on the form-deprived schematic eye is equivalent to
0.96 D, or a 20% reduction in the myopia. It is much less
than that observed in the chick (400 lm or 45% of the
12 D reduction in relative myopia, Wallman et al.,
1995) but more like what we calculate for the tree shrew
(10 lm, 12% of 4 D of recovery, Gentle & McBrien,
1999; Norton & McBrien, 1992) and the macaque
(23 lm, less than 14% of 3.5 D of recovery, Hung
et al., 2000; Qiao-Grider et al., 2004). The exaggerated
response of the chick choroid is not because its retina
is avascular (Schuck, Gerhardt, & Wolburg, 2000) since
the guinea pig retina is also essentially avascular (De
Schaepdrijver, Simoens, Lauwers, & De Geest, 1989)
but may relate to the extensive lymphatic network in
the chick choroid (De Stefano & Mugnaini, 1997). Nev-
ertheless, the existence of a choroidal response to myo-
pic blur in many species provides a clue to the factors
which may mediate scleral change.5. Conclusions
When deprived of form vision by diﬀusers, guinea
pigs developed myopia. Initially, form-deprived eyes
developed longer vitreous chambers, deeper anterior
segments, and their corneas ﬂattened at a slower rate.
With longer periods of FD, the response of the vitreous
chamber was yoked in that it also increased in the non-
deprived eye. At the same time, the corneal power
diﬀerence between the eyes increased and after 16 days
of FD contributed 68% of the induced myopia. The
guinea pig eye also rapidly recovered from FD myopia.
Within 24 h after the diﬀusers were removed, the
previously deprived eye expanded its choroid, abruptly
reduced its axial elongation, and its refractive error
was reduced by 65%. Vision mediated these FD eﬀects
since they did not occur in animals raised in darkness.
In conclusion, the guinea pig provides a useful model
to: investigate the role of visual feedback in regulating
the eyes refractive and axial development; uncover the
mechanisms by which corneal curvature development
is regulated; and investigate the means by which altered
visual experience in one eye can change the develop-
ment of the other eye.
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